The floral development of Nelumbo nucifera was compared with that noted in previous studies of Nelumbo, Nymphaeaceae, and other basal angiosperms. Important features include developmental evidence of only two sepals, development of an androecial ring meristem, and an apocarpous gynoecium composed of ascidiate carpels that become embedded in an expanded receptacle. Secretory papillate trichomes cover the stigma and line the stylar canal. The unique apocarpous gynoecium, which lacks a conical residual floral apex, and a greatly expanded receptacle distinguish Nelumbonaceae from the Nymphaeaceae, as does the distinctive an droecial ring. Nelumbo is characterized by polysymmetric floral development, with some organs originating spirally (petals) and some in simultaneous whorls (stamens and carpels). This pattern of floral development, as well as the pattern of carpel closure by secretion, is common in several paleoherbs and eudicots and indicates phylogenetic affinity between Nelumbonaceae and basal angiosperms. Because of its unique floral development and anatomy, Nelumbo appears to be an isolated member of the eudicot dade.
Introduction
Long revered as a symbol of purity and spiritual transcen dence by Hindus and Buddhists, the lotus, Nelumbo nucifera ssp. nucifera Gaertn., has been grown for its beautiful flowers, its medicinal properties, and its edible tubers and seeds in Asia, India, and Egypt. Nelumbo nucifera ssp. nucifera is currently found throughout India and Asia as well as in Malaysia, New Guinea, and Australia. Nelumbo nucifera ssp. lutea (Willd.) Pers. is confined to the eastern half of the North American continent from southern Canada to Florida. North American native peoples also utilized Nelumbo (Lowry 1924) , and it has been assumed that the distribution of both subspecies has been greatly enlarged through man's cultivation (Barthlott et al. 1996) .
Nelumbo grows as an emergent aquatic plant in water up to 2 m in depth at the margins of still lakes or ponds and in slow-moving rivers. Leaves are peltate and measure up to 75 cm in diameter on stout petioles that emerge from the water to a height of 1 m or more from a horizontal rhizome. The apical meristem consists of two sheathing cataphylls that en close a single flower, single leaf, and a younger flower/leaf nodal complex. Internodal elongation occurs between the leaf primordium of one complex and the cataphylls of the next, younger complex (Wigand and Dennert 1888; Esau and Ko sakai 1975) . The perianth consists of two sepals and 18-28 petals (Watson and Dallwitz 1998) . The corolla is pale yellow in N. nucifera ssp. lutea and is pink or white in N. nucifera Author (Watson and Dallwitz 1998) . Anthers are adnate and nonver satile, dehiscing via longitudinal slits introrsely and latrorsely; anthers are also tetrasporangiate and appendaged (Watson and Dallwitz 1998) . At maturity, the anthers are held on cylindrical filaments that are equal in length to the height of the receptacle. A hook-shaped starch organ extends from the apex of the linear connective, and in those stamens that are adjacent to the receptacle, this organ curves over the edge of the receptacle (Ito 1986 ). This appendage is reported to be one of the sites of thermogenesis (Schneider and Buchanan 1980) during stig matic receptivity (Seymour and Schultze-Motel 1996) . The gy noecium consists of (2)-10-30 carpels that are embedded within an obconical receptacle . Fruits are nonfleshy (Watson and Dallwitz 1998) . Ex treme longevity of the seed has been noted, with seeds ger minating after 1000 yr or longer (Shen-Miller et al. 1995) .
The phylogenetic placement of Nelumbo has received much attention. Historically, Nelumbo was included in the Nym phaeaceae sensu lato (Cronquist 1988; Heywood 1993) , but it was elevated to its own family as early as 1829 (Dumortier 1829; Lindley 1833). Li (1955) proposed that Nelumbo be placed in its own order; his recommendation was later accepted by Takhtajan (1980) and Snigirevskaya (1964) . On the basis of recent morphological and molecular analyses (Chase et al. 1993; Qiu et a!. 1993; Hoot et al. 1999) , Nelumbo has been placed in an isolated group of eudicots nearest to Platanus.
Nelumbo leaves have been identified in the fossil record from the late Cretaceous (Dorf 1942; Vakhrameev 1991; Fischer 1996) . This position in the early stages of angiosperm diver sification makes Nelumbo a key subject for the study of floral development. Surprisingly, the only previous investigation on this subject (Baillon 1871) dates to over 100 yr ago. Baillon SI 83 (1871) described the gross morphology of the flower and noted the spiral phyllotaxy of petals and stamens and the unilocular carpels in the expanded obconical receptacle, and he described the seed as dicotyledonous. His sketches were based on lowpower magnification and light microscopy. The advantage of better resolution, available through the use of the scanning electron microscope (SEM), furnishes a more complete picture of the unique structures and developmental events of Nelumbo flowers. The goal of this study is to provide a detailed de scription of the floral ontogeny that may provide evidence useful in resolving the phylogeny and systematics of this unique taxon.
Material and Methods
Specimens of Nelumbo nucifera ssp. nucifera were collected by V. Hayes at Ganna Waiska Lotusland in Santa Barbara, California. Floral buds of N. nucifera ssp. nucifera were pre served in 50% aqueous ethanol, trimmed, and dissected in 95% ethanol. Flowers of N. nucifera ssp. lutea were collected by J. B. Bullin and P. Bernhardt from plants growing at the Busch Wildlife Center in Charles County, Missouri. Carpels of N. nucifera ssp. lutea were removed from their enclosing receptacles and preserved in 50% aqueous ethanol. All spec imens prepared for SEM were dehydrated in alcohol or al cohol-acetone series, critical-point dried, affixed to aluminum stubs using carbon conductive tabs, sputter-coated with gold and palladium, and examined at 15 Ky with a Bausch and Lomb Nanolab SEM at the Santa Barbara Botanic Garden. Sections that were to be studied with light microscopy were affixed to slides and stained with a safranin-fast green com bination (based on Northern's modification of Foster's tannic acid-ferric chloride method; Johansen 1940) and were studied with a Zeiss photomicroscope. Voucher specimens of N. nu cifera ssp. nucifera are held at the Museum of Systematics at the University of California, Santa Barbara (UCSB). Vouchers of N. nucifera ssp. lutea are held in the herbarium at the Uni versity of St. Louis. Liquid-preserved collections are retained by the authors.
Results
A unique feature of Nelumbo architecture is the position of the flower bud, which is formed adjacent to the dorsal side of a leaf primordium in a nodal complex comprising a single flower and single leaf enclosed by two opposite sheathing cat-aphylls ( fig. 1A ). Flowers are solitary, perfect, and hypogynous. Floral symmetry is radial, with two sepals and 18-30 petals that are arranged spirally. Ca. 200-400 stamens are arranged in six to eight whorls around the prominent obconical recep tacle. Whorls of two to 30 ascidiate carpels are embedded in cavities on the surface of the receptacle. Flowering occurs dur ing the summer for a period of ca. 3 mo, and each flower lasts 3-4 d.
Initiation of the first two floral organ primordia begins with a sepal ridge that forms on the floral apex adjacent to the dorsal side of the leaf; this is followed by the development of a second sepal ridge opposite the first. These two broad sepal primordia give the floral bud an asymmetrical oval shape. Se pal primordia are Ca. 300 tm wide at this stage ( fig. 1B ). Each sepal expands and becomes hood shaped, with two basal au rides at the sides ( fig. 1C , ID). Both sepals develop at the same rate, which causes the adaxial sepal to overlap the abaxial sepal ( fig. 1D ). This enclosure is accomplished prior to an droecial initiation.
Eighteen to 28 petals are initiated in a spiral sequence in acropetal order. Petal primordia are Ca. 100 .sm wide at the base at this stage ( fig. 1E ). Petal initiation and expansion con tinue as stamen initiation begins.
Stamen primordia are initiated starting from the periphery of a ring meristem that extends interior to the zone of petal initiation. The ring meristem is exterior to the gynoecial pri mordium that is concurrently initiating carpels. As many as 400 stamens are initiated from primordia, which are Ca. 45 rm in diameter in figure iF. Initiation continues centripetally until six to eight whorls of Ca. members each are formed; these whorls completely fill the available space defined by the ring primordium ( fig. 1H ). The result is a close packing of the numerous staminal primordia ( fig. 1G, 1H ). No orthostichies or parastichies have been determined.
The slightly convex floral apex produces (2)-20-40 carpel primordia, each of which is ca. [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] in diameter. Three or four whorls are formed in acropetal order (fig. iF, 1G) . No residual floral apex is evident after all the carpels are initiated.
The two sepals continue to expand and elongate until they reach 25-35 mm in length, enclosing the floral bud. Bud di ameter is ca. 18 mm when sepals cease growing. The largest petals continue to enclose the bud as they elongate. At anthesis, two to five of the outermost petals are smaller than the largest petals, a pattern that has led earlier investigators to suggest that the sepals and petals intergrade (Hall and Penfound 1942; Watson and Dallwitz 1998) or that the sepals number more A than two . When these outer petals are exposed to sunlight, they develop green pigmenta tion. These outer green petals may dehisce with the sepals earlier than the rest of the petals. Petal enlargement continues, with the inner 20 or more obovate petals reaching a maximum of 9-10 cm in length by ca. 5 cm in width at the widest point ( fig. 3C ).
Stamens elongate as the receptacle is formed, reaching a total stamen length of 21-33 mm each. Anthers begin to differen tiate when stamens are ca. 1 mm long. Filaments are very short at this stage, but they continue to elongate at approximately the same rate as the receptacle, and at maturity, they are equal in length to the height of the receptacle. The hook-shaped starch organ begins to differentiate at the same time as the anthers, extending from the apex of the linear connective. At anthesis, the appendage is 3-5 mm long in Nelumbo nucifera ssp. nucifera and up to 7 mm long in N. nucifera ssp. lutea (Borsch and Barthlott 1994) .
Carpel Previous field observation and experimentation (Schneider and Buchanan 1980) revealed that the projecting stigmatic surfaces of N. nucifera ssp. lutea are pollen-receptive during the first day of anthesis and continue to be receptive into the second day of anthesis. During this time, the stigmatic surfaces are covered with a viscous fluid that aids in adherence and, probably, germination of the pollen (fig. 2D ).
This study, using light and scanning microscopy, has re vealed the stigmatic surfaces to be composed of papillate tn chomes that begin the secretion process when the flowers are in the bud stage. These trichomes elongate, reaching their max imum extension and secretion rate on the first day of anthesis, at which time they form a prominent dense covering on the stigmata (fig. 2G ). This viscous secretion forms numerous threadlike strands that interconnect the trichomes ( fig. 2E ). These strands appear to offer both a supportive framework and spacing among the dense trichome layer, thus aiding in maintenance of maximum free surface area for secretion and pollen tube growth. The trichomes, extensions of the outer wall of the epidermal cells, also line the prominent stylar canals ( fig. 2F ). Similar observations, made using light microscopy, were made by Gupta and Ahluwalia (1977) and by Endress and Igersheim (1999) for N. nucifera ssp. nucifera. Trichomes reach maximum extension at anthesis; those around the outer rim of the projecting stigma average 150-175 sm in length.
Owing to the diameter of the stylar canal (300 ILm), the tn chomes lining the canal are generally shorter (50-75 sm), and they intermesh. Shorter secretory trichomes also occur in the region between the base of the stylar canal and the pendant ovule.
During the second day of anthesis, the stigmatic surfaces begin to dry and turn brown, a condition coinciding with toss of pollen receptivity. With drying, the trichomes lose their tur gidity, collapse upon each other (fig. 21) , and form a compacted hardened mass ( fig. 2H ). Drying of the stigmata commences at the distal outer rim and proceeds centripetally to the stylar canal, then basipetally into the canal coinciding with petal dehiscence.
At petal dehiscence, the receptacle measures ca. 30-45 mm in height and 30-65 mm in diameter (at its widest) and is obconical in shape. Our observations reveal that the distal surface of the receptacle, especially the area surrounding the projecting stigmata, has an abundance of exposed druse crys tals ( fig. 3A) . Numerous cavities were observed among the epidermal cells of the distal surface of the receptacle (fig. 3A,  arrow) . These cavities, which are intercontinuous with the ex tensive aerenchymatous tissue of the inner receptacle, facilitate enhanced air exchange.
The receptacle continues to expand, becoming hard and dry and reaching a height of 75 mm and a diameter of 120 mm (fig. 3B ). The whole receptacle breaks off and floats on the surface of the water until it decomposes and releases the seeds.
Discussion

Affinities and Classification
The current division of Nelumbo nucifera into two subspe cies, N. nucifera ssp. nucifera and N. nucifera ssp. lutea, is based on differences in distribution, color, and stamen length (Borsch and Banthlott 1994). The subspecies differences are supported by molecular analysis of rbcL (Les 1991) .
Early studies of the seed and embryo led researchers to de scribe Nelumbo as dicotyledonous (Mirbel 1809 ). An affinity with the monocots was later indicated, based on anatomical studies that showed the presence of sheathing cataphylls at the nodes, cataphylls that are similar to those found in some grasses (Wigand and Dennert 1888) . Esau and Kosakai (1975) again confirmed this unique phyllotaxy. Controversy over the monocotyledonous or dicotyledonous nature of Nelumbo con tinued, with several studies of embryogenesis supporting monocotyly (Lyon 1901; Titova and Batygina 1996) . Snigir evskaya (1992) proposed that the leaf dimorphism in the em bryo indicates that Nelumbo is dicotyledonous. Evaluations of similar morphological characters in four genera of the Nym phaeaceae, which had previously been described to indicate an affinity with the monocots, have shown the Nymphaeaceae to be dicotyledonous as well (Tillich 1990) .
The familial affinities of the genus have also been contro versial and have been investigated along several lines. Although placed in the Nymphaeaceae by some taxonomists (Cronquist 1988; Heywood 1993) , most recent investigations of Nelumbo have pointed out numerous particular characteristics, thereby favoring the creation of a separate family. In light of Nelumbo's unique phyllotaxy (Wigand and Dennert 1888; Hsi-Ching 1956; Esau and Kosakai 1975) , distinct vasculature (Moseley and Uhl 1985) , specialized structures in the pistil (Gupta and Ahluwalia 1977) , and pollen morphology (Hall and Penfound 1942; Kreunen and Osborn 1999) as well as molecular rela tionships (Les 1991) , the family Nelumbonaceae is now widely accepted.
Although Nelumbo has historically been placed near Nym phaeales (Nymphaeaceae and Cabombaceae), recent concor dance between large, multiple-gene data sets has convincingly placed Nelumbo among the lower eudicots (Hoot et a!. 1999; Kenrick 1999; Magallôn et al. 1999; Mathews and Donoghue 1999; Parkinson eta!. 1999; Qiu et al. 1999; Soltis et al. 1999) . These molecular studies have further clarified the basal assem blage of angiosperms as the Amborellaceae, Nymphaeaceae, Illiciaceae, Schizandraceae, Trimeniaceae, and Austrobaileya ceae. All members of this dade, with the exception of Illici aceae, share the character of carpel closure at anthesis by se cretion rather than by postgenital fusion of epidermal layers. Carpels of Nelumbo are also closed by secretion without postgenital fusion (Igersheim and Endress 1998) . The paleoherbs Cabombaceae and Ceratophyllaceae and additional members of the eudicot grade, Berberidaceae and Papaveraceae, also share carpel closure by secretion. Whether this character is a retention of an ancestral stage or a reversion, as suggested by Mathews and Donoghue (1999) , remains uncertain. Recent research on pollen and anther development in Nelumbo (Kreu nen and Osborn 1999) also confirms the placement of Ne! umbo among these ancient angiosperms.
On togenetic Processes
Our study does not support the conclusion that sepals vary in number and intergrade with the petals. Late in the devel opment of the flower, the sepals and some of the outer petals no longer completely enclose the enlarging bud. These out ermost petals may become photosynthetic and are intermediate in size, giving the appearance of intergradation of sepals and petals. The larger size of the sepal primordia and the auricle located at their outermost interface to the peduncle distinguish them from the petals during the early development of the flower.
This study affirms previous reports that petals are arranged in a spiral. Stamens and carpels have also been described as spiral in arrangement (Ito 1986 ), but because of the short time interval between their successive initiations, it is not possible to confirm this sequence. The appearance of irregular whorls is likely the result of their closely packed arrangement and their small size relative to the overall size of the floral receptacle (Endress 1990) .
A unique character in Nelumbo is the androecial ring mer istem, a feature not noted by Baillon (1871). The ring pri mordium rapidly fills with a closely packed array of stamen primordia. This type of initiation has been interpreted to occur by the lateral extension and merging of the individual pri mordial zones (Ronse Decraene and Smers 1992), as occurs in Capparales (Leins and Erbar 1997) . Such ring primordia are found in flowers with very large numbers of stamens in genera of the Papaveraceae (Ronse Decraene and Smets 1992) and Cactaceae (Ross 1982) . Ring primordia producing large num bers of stamens through centrifugal development, as in Dii leniaceae, Cistaceae, and Aizoaceae, might be different as they clearly arise in successive whorls (L.-P. Ronse Decraene, per sonal communication). In Nelumbo, the ring meristem appears as a developmental innovation that greatly increases the sur face on which stamens can be initiated. The ring meristem is supplied by a secondary proliferation of vascular traces arising from a pseudostele with a greater diameter than that of the cortical stele (Moseley and Uhl 1985) .
The gynoecial primordial zone is confined to the remaining space inside the ring. Carpel initiation and development pro gress rapidly. As with the stamens, initiation may be in a spiral of nearly simultaneous initiation events, which produces the appearance of whorls on a slightly convex floral apex. Carpel number can vary widely from as few as two carpels to as many as 40. The lower numbers may be associated with plants that are under nutrient or other environmental stress (Schneider and Buchanan 1980) . As carpels develop, the upper surface of the receptacle flattens until it is disklike. The carpels are later enclosed by upward expansion of the receptacle. Van Leeuwen (1963) describes this process as occurring through intercalary growth of the receptacle tissue. Moseley and UhI (1985) note that this expansion is accompanied by enlargement of the air canals and intercellular space after anthesis. Rapid exchange of gasses may be facilitated by this increased air space. The biological significance of this exchange may be related to the accelerated diffusion of floral odors volatilized by the ther mogenic process during the first day of anthesis (Schneider et al. 1990; Skubatz et al. 1990; Seymour and Schultze-Motel 1996) . This late-stage development forms a buoyant structure that is quite well adapted to flotation and dispersal of seeds in an aquatic habitat. Moseley and Uhl (1985) described the widespread occur rence of crystal-bearing parenchyma cells in the floral recep tacle of Nelumbo, especially among cells lining the extensive air canals. As the accessory fruit matures and dries, the walls of the crystalliferous parenchyma cells disintegrate, exposing the druses. Igersheim and Endress (1998) also report druses and crystals on the surface of the carpel. We agree with Mose Icy and Uhl (1985) that the abundance of exposed druses serves as a possible deterrent to herbivores.
On togenetic Comparisons
Recent investigations related to the floral development of Nymphaeales (L.-P. Ronse Decraene and E. F Smets, unpub lished data; E. L. Schneider, unpublished data) offer an op portunity for comparisons with Nelumbo. In Cabombaceae (Cabomba and Brasenia) the pcrianth is trimerous, initiated in two whorls from the convex floral apex. In Cabomba, the stamens arise in simultaneous pairs opposite the nectiferous petals, but in Brasenia, 20-30 stamens are initiated in a low spiral. No meristematic ring, as revealed in Nelumbo, is in volved in the production of the larger stamen number in Bra senia (Richardson 1969; Ronse Decraene and Smets 1993) . The greater number of stamens in Brasenia is associated with a wider floral apex and longer duration of androecial initiation than is observed in Cabomba. The apocarpous gynoecium in Cabomba typically consists of three whorled ascidiate carpels, which consume the convex floral apex after initiation. The S190 INTERNATIONAL JOURNAL OF PLANT SCIENCES larger number of carpels (8) (9) (10) (11) (12) (13) (14) (15) (16) in Brasenia appears to result from a flattened, less convex floral meristem that comprises a greater surface area. An apocarpous gynoecium with ascidiate carpels is a character shared by both the Cabombaceae and Nelumbonaceae.
In all Nymphaeaceae except Nuphar (which, based on DNA sequences [Les et al. 1999] , is thought to be the basal taxon of the family), the large multiparted flowers are derived through amplification of organs (Schneider 1979) . This in crease in the number of floral organs, in Nymphaea and Vic toria at least, represents a derived condition that is associated with their pollination systems (Les et a!. 1999) . The meriste matic regions of Nymphaeaceae are characterized by acropetal initiation of numerous floral parts on a primordial apex. These floral parts exhibit characteristic parastichies that are unlike the stamens produced by the ring meristem of Nelumbo (L. P. Ronse Decraene, unpublished data; E. L. Schneider, unpub lished data). In Nuphar, the initiation of the trimerous perianth is followed by the acropetal production of numerous staminal primordia on the periphery of a massive domed meristem. The remaining central area of the domed floral apex is consumed by the production of the syncarpous gynoecium with radially extended stigmatic regions (Moseley 1971) . Two additional features that characterize Nymphaeaceae include the presence of a residual, conical floral apex and the limited occurrence of receptacle tissue in the syncarpous gynoecia Williamson and Schneider 1993) . Ne lumbonaceae lacks the residual conical floral apex, and the receptacle tissue associated with the carpel primordia exhibits centrifugal and acropetal expansion that eventually surrounds the apocarpous gynoecia.
Because of its suggested placement in a basal grade of the eudicot lineage, Nelumbo is ideal for studying patterns of early floral development in the evolutionary radiation of flowering plants. Although recent molecular data agree with regard to the placement of Nelumbo in the basal grade of eudicots, a close relationship of Nelumbo to other members of these early angiosperm families, such as Platanaceae and Proteaceae, is not supported by gynoecial features (Endress and Igersheim 1999) . Research is ongoing into the phylogenetic placement and affinities through the analysis of additional molecular data (S. Magallôn, personal communication). Detailed comparisons of the floral development of Nelumbo to that of other members of the eudicots is not possible at this time, as few of the species in the basal grade have been studied developmentally. How ever, several studies of floral development in members of the Proteaceae (Douglas and Tucker 1996a , 1996b , 1996c reveal patterns of floral architecture and development that are quite different from those of Nelumbo.
Although recent molecular studies indicate that Nelumbo is a member of a basal grade of eudicots (Hoot et al. 1999; Kenrick 1999; Magallón et al. 1999; Mathews and Donoghue 1999; Parkinson et al. 1999; Qiu eta!. 1999; Soltis et al. 1999) , floral development and anatomy offer little support for such placement. This study has revealed polysymmetric floral de velopment, with some organs originating spirally (petals) and some in simultaneous whorls (stamens and carpels). Combined with other shared and common floral developmental features of basal angiosperms, including paleoherbs, as described by Buzgo and Endress (2000) and Tucker and Douglas (1996) , this pattern of floral development indicates phylogenetic affin ity between Nelumbonaceae and basal angiosperms. This af finity is also supported by the method of carpel closure by secretion, a method that is common in several paleoherbs and eudicots (Igersheim and Endress 1998; Endress and Igersheim 1999) . The unique apocarpous gynoecium, which lacks a con ical residual floral apex, and the greatly expanded receptacle distinguish Nelumbonaceae from the Nymphaeaceae (as does the distinctive androecial ring).
Future studies should focus on developmental patterns in other basal angiosperms, especially those reported to be closest in molecular cladograms. Although the flowers of some of those groups (e.g., Platanus) are significantly smaller in size than those of Nelumbo, it would be interesting to compare their development.
